PHYSICAL REVIEW E VOLUME 61, NUMBER 2 FEBRUARY 2000

Experimental evidence of the effect of heat flux on Thomson scattering off ion acoustic waves
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Thomson self-scattering measurements are performed in a preionized helium gas jet plasma at different
locations along the laser propagation direction. A systematic and important variation of the intensity ratio
between the blue and the red ion spectral components is observed, depending on whether the location of the
probed region is in front of or behind the focal plane. A simple theoretical calculation of Thomson scattering
shows that this behavior can be qualitatively understood in terms of a deformation of the electron distribution
function due to the return current correlated with the classical thermal heat flux.
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[. INTRODUCTION wiaw- N an equilibrium plasma and in a geometry where
collective scattering is observed, it consists of two equal am-
When heated by a high-intensity laser beam, a plasmalitude satellites atvp,*+ wi,,, Wherew, is the frequency of
generally presents large temperature gradients. These gradiie probe beani6]. These satellites at frequencies,,
ents give rise to a correspondingly large heat flux associatett wia, CoOrrespond, respectively, to fluctuations with wave
with a deformation of the electron distribution function from numbersKia,= * (Kscar Kp), Where Kgeoc and ky, are the
its equilibrium Maxwellian shapgl]. The precise descrip- wave numbers of the scattered beam and the probe beam,
tion of the electron heat transport in laser-produced plasma itespectively. Because of the deformation of the electron dis-
of importance for many applications relying on laser-plasmdribution function due to heat fluxoften accounted for as a
interaction physics, such as inertial confinement fusion orelative drift velocity between electrons and ipnghe
x-ray lasers. In a homogeneous plasma and for modest tendasma susceptibility is different for these two ion-acoustic
perature gradient§when the thermal electron collisional fluctuations and the two satellites have different intensities
mean-free-path is much smaller than the temperature gradi6]. This effect is commonly explained as a difference in the
ent length:A<L+), the heat flux is calculated by a first order electron Landau damping term in the shifted electron distri-
perturbation of the distribution function and it is proportional bution for the two ion-acoustic wave numbers. This asym-
to the local temperature gradiefit]. When\,/Lt>0.002, metry between the blue and red satellites has already been
the mean free path of the electrons participating most in th@bserved in several experiments and qualitatively explained
heat flux becomes comparable to the gradient length and this terms of drift velocity and electron heat fliX,10,14.
local approach is no longer valid. A nonlocal description has In this paper we present a comprehensive study of this
been developed in which the local heat flux at a given posiblue/red asymmetry in the ion acoustic scattered spectrum in
tion in the plasma depends on the whole temperature profile well diagnosed quasihomogeneous stationary plasma. As
in the surrounding regiof2]. An experimental access to the expected in a plasma with symmetric temperature and den-
distribution function is through Thomson scattering on ther-sity profiles, we observe a symmetric variation of the ratio
mal fluctuations. between the two satellites on each side of the hottest region.
Thomson scattering is a powerful diagnostic technique forT hese results are well reproduced by calculating the first or-
measuring the parameters of a plasiBa6]. By irradiating  der correction to the electron distribution function for a 1D
the plasma with a laser probe beam and by measuring tHemperature gradieralong the laser propagation axiand
spectrum of the light scattered by the electrons one has athe corresponding plasma susceptibility for the measured
cess to some part of the density fluctuation spectrum. Fromplasma parameters. Nevertheless, this good quantitative
this, it is possible to measure the electron temperature an@greement is only obtained with an ion temperature signifi-
density T, andn,, the ion temperatur&,;, the plasma flow cantly lower than estimated from hydrodynamic simulations.
velocity as well as the drift velocity between electrons and
ions. Some examples are found in R¢%-15). The effect of
heat flux is more readily observed when measuring the spec-
trum of the fluctuations near the ion-acoustic frequency The experiment was performed using two beams of the
multibeam laser facility at the Laboratoire pour I'Utilisation
des Lasers IntensésULI). The laser pulses are Gaussian in
*Present address: Department of Physics/220, University ofime with a duration of 600 ps full width at half maximum

Il. EXPERIMENTAL SETUP

Nevada-Reno, Reno, NV 89557-0058. (FWHM). Figure 1 shows the experimental configuration.
"Present address: CEA Brugs-le-Chtel, DCRE/CSE, BP 12, The creation beam used to preionize the plasma was operated
91680 Bruyees-le-Cheel, France. at the fundamental frequency of the Nd:glass lage053
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FIG. 1. Experimental setup. . . ) L
P P FIG. 2. Experimental electron density profile. The origirziis

arbitrary. The interaction beam comes from the left.

um). It was focused with d/6 aperture lens at the center of
a cylindrical supersonic helium gas jet of 2.5 mm in diam-the absence of time resolution, the collected signal was
eter. This beam was spatially smoothed by a 8 mm cell Ranstrong enough to obtain, on one laser shot, the spatial profile
dom Phase PlateRPP giving a spatially averaged intensity of the electron density along the laser axis up=t@ mm
of 4x10"*W/cn?. The gas was fully ionized by collisional from the center of the jet. We have checked that the two
ionization along the whole length of the jet perpendicular toelectron density profiles coincide over the central redian,
the gas flow. inside =500 um from the center of the jetwhich confirms

The interaction beam, at twice the fundamental frequencynat in our experimental conditions the electron density does

(0.526 um), was fired in the opposite direction to the cre- not depend sensitively on the plasma creation conditions.
ation beam after a time delay of 1 (this delay corresponds

to the time betyveen the maxima of the pulsékhis beam IIl. EXPERIMENTAL RESULTS
was focused with d/3 aperture len$250-mm focal length
at the center of the jet and was spatially smoothed by either For reader convenience we show in Fija typical elec-
a 0.65 mm cell RPP or a 2.1-mm cell RPP. The maximuntron density profile obtained froril6]. The origin inz is
energy of the interaction beam was 30 J. In the following, thearbitrary. One can see a very flat electron density profile over
mean experimental intensity is defined as the ratio of 80% ol.5 mm. Typically, with a backing pressure of 65 bars, the
the incident energy over 600-ps duration and averaged in thglasma is quasihomogeneous with an electron density around
Airy focal spot (diameter between the first Airy minima 3.5x10"cm 3. The asymmetry of the region within which
This gave a maximum intensity of>210"*Wj/cn? for the  the electron density profile is well described comes from the
0.65-mm cell RPP and 210" W/cn? for the 2.1-mm cell attenuation of the beam due to its propagation through the
RPP. The focal spot images, obtained in transmission igas. This damping results in a weaker scattered signal on the
vacuum, were in agreement with the calculated didésm-  outgoing side of the beam compared to the incoming side.
eter of 500um for the 0.65-mm cell RPP, and 156n for Other diagnostics were set up for this experiment. In par-
the 2.1-mm cell RPP ticular, measurements and analysis of the backscattered light
The self-scattering Thomson spectthe probe beam is of the interaction bearrollected through the focusing lens
the 0.526 um interaction beam itselfwere obtained at a have allowed us to obtain the values of the stimulated Bril-
scattering angle9=110° from the interaction laser beam louin (SBS and RamanSRS scattering reflectivities in the
axis. The scattered light was collected by reflective optics. Ibackward direction. The SBS reflectivities were between 5
was imaged with /3 spherical mirror and a 1:5 magnifica- X102 and 102 for the 2.1-mm cell RPRat intensity of
tion onto the entrance slitf@ 1 m spectrometer for the ion 2x 10"W/cn?) and remained below 10 for the 0.65-mm
acoustic wavegIAW) and a 0.35 m spectrometer for the cell RPP (at intensity of 2<x10**W/cn?), the SRS ones
electron plasma waveEPW). The spectra were recorded never exceeded 18. The transmission rate ranged between
with optical streak cameras coupled with CCD cameras: th&0% and 80 %.
IAW spectra were obtained with a very high spectral resolu- The most striking result is presented in Fig. 3 which
tion (0.5 A) and the EPW spectra, with a low spectral dis-shows Thomson self-scattering time-resolved spectra on
persion in order to record the up and down components. ThEAW recorded at different positions along the interaction
electron density inside=500 um from the center of the jet axis for the 0.65 mm cell RPP:—1500 um, —1000 um,
was deduced from the scattered signal on the EPW at differ—=500 um, center,+500 um and +1000 um from the jet
ent locations along the interaction axis. Beyond this regiongenter. Similar spectra, not shown here, have been obtained
the intensity of the scattered signal was too weak and wevith the 2.1 mm cell RPP. Each image has been obtained in
inferred the electron density from a previous stidg$] in  the same experimental conditions with the same combination
which a beam at @, interacted with the Helium gas jet. In of filters and optical attenuators. The central spectral feature
this study, the EPW self-scattering Thomson spectrum wasorresponds to the laser noise ab2(0.526 um). The two
spatially resolved by using an optical device that rotates thether spectral components on both sides correspond to Th-
image of the plasma by 90° along the slit of the low disper-omson self-scattering on the IAW. During the interaction
sion imaging spectrometer, and by setting a low sweep spedine, these two satellites move apart slightly, which shows
on the streak camera and removing its entrance slit. Due tthat the interaction beam weakly heats the plasma. The most
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FIG. 3. Thomson scattering time-resolved spectra on IAW for %} 1% :/ji; K A
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the 0.65 mm RPP. Each spectrum is obtained at different positions gL i Aimd ol RN KO
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along the laser axis and with the same conditions. The diagnostic AL fom) Arfom)

geometry is represented on the top of the figure and the geometry of

the different wave numbers involved at the bottom. On each spec- FIG. 5. Experimenta{ ¢ ) and theoreticalplain line) spectra for

trum, one can see the ratR(R=1g/lz) between the intensity of the 0.65 mm cell RPP at four locations:=1000um (a), —500 um

the blue componentl §) and the red onelg). (b), center(c), and +500 um (d) in arbitrary units. The electron
temperature corresponds to the dashed line in Fig. 4 and the ion

remarkable result is the ratio between the two componentdemperature is assumed to be equal at 10 eV. The dashed line rep-

When moving away from the center of the gas jet, one of theesented ir{d) corresponds to the theoretical spectra calculated with
two satellites becomes predominant: on the incoming side typical instrumental resolution of 0.5 A.

of the interaction beam the red satellite dominates while on

the outgoing side the blue one dominates. On each spectrurfile thus obtained from Fig. 3. This temperature has been
we have indicated the intensity ratfobetween the red com- determined at the incoming time of the interaction pulse. The
ponent (g) and the blue onel§), whereR=1x/lg. Atthe horizontal error bars correspond to the uncertainty on the
bottom of Fig. 3 one can see the scheme of the three differeh@calization of the center of the interaction region. The ver-
wave numbers wheré&, denotes the incident laser wave tical ones correspond to the somewhat arbitrariness of the
number k.. the scattering wave number akgl, the IAW  definition of the incoming time of the interaction pulse and
wave number with the red and the blue components. Thio the width of the spectra.

result is very reproducible for both RPP’s. The only signifi-

cant difference we have observed is that, in the case of the IV. DISCUSSION

2.1 mm RPP, the red satellite is dominant at the center of the

jet, unlike what is observed with the 0.65-mm RPP where the A number of calculations have been made which take into
two satellites are comparable. This effect might be attributed@ccount the electron heat flux and its effect on the ion acous-
to a non-negligible side-SBS induced amplification of the rectic waves and their Thomson scattering specteg.,
component for the 2.1 mm RPP. Such an interpretation i$17,18). In our case the typical ratio between the electron
supported by the difference observed in the backward SB8ean free path and the temperature gradient scale length is
reflectivities with the two RPP’s. From these spectra, weof the order of\;/Ly~3 um/1000um=3x 10"° so that the
have estimated the electron temperature profile along the idocal theory is at the edge of its domain of validity. Thus, in
teraction axis. Figure 4 shows the electron temperature pra2rder to explain the experimental spectra we have performed
a simple theoretical calculation of Thomson scattering which
takes into account the electron and ion temperature profiles
in the longitudinal direction. The radial variation of the elec-
tron temperature has been neglected assuming that the ther-
mal transport is effective enough for the electron temperature
to be nearly constant throughout the focal sgwansver-
sally) at the arrival time of the interaction beam. The electron

200 i " T i ‘ "
Jerror bars

Electron temperature (eV)
8 8

ol /"‘.,‘ ] and ion velocity distribution functions to be implemented in
temperature profile % the Thomson scattering dynamical form factor have been
used in calculations »—}—« . .
computed at the first order of the classical Chapman-Enskog
0 1000 0 1000 [19] scheme. The collision operator has been taken to be the

simplest Bhatnagar-Gross-KrodBGK) [20] operator. Al-

though not presented here, we have also obtained very close
FIG. 4. Experimental electron temperature profile in the interacte€sults with the Lorentz collisional operator in the low fre-

tion condition of the 0.65 mm RPE®). The dashed line corre- quency limit which is valid here.

sponds to the temperature profile taken in the theoretical calcula- Figure 5 shows the experimental and theoretical spectra in

tion. arbitrary units for the 0.65 mm cell RPP at four locations

Z (um)
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between—1000xm and+500 um. To compare the theoret- As already mentioned, the calculated spectra reproduce
ical and experimental peak ratidghich is the important the essential features of the experimental spe@tea pre-
guantity) easily, we have adjusted the theoretical and experidominance of the red or blue line depending on the location
mental units so that the height of the most intense peaksf the scattering region with a ratiRin the same order than
coincide. Let us mention that the width of the experimentalthe experimental onerovided the ion temperatui® is less
spectra is due to the instrumental resolution which has nathan around 10 eV. Such an ion temperature is less than the
been taken into account in the theoretical calculations since @ine deduced from the hydrocod®LT! [22] which gaveT,;
does not modify the peak intensity ratio. As an example, we=30-40 eV for which our theoretical calculations yield no
show on Fig. &) (dashed linga theoretical spectrum with a significant effect on the Thomson scattering spectrum. It fol-
typical instrumental resolution of 0.5 A. As previously ex- lows that these preliminary theoretical estimates might quan-
plained, we have also adjusted the height of the peaks. Thtitatively explain our results if some process relevant for the
electron density corresponds to the experimental vatye ( ion thermal transport in our experimental conditions could be
=3.5x10%cm 3). The electron temperature we have takenfound to be missing in the hydrocode simulations, so that the
for the theoretical spectra corresponds to the dashed line iactual ion temperature would indeed be less than the calcu-
Fig. 4, i.e.,T, varying from 160 to 50 eV over 1200m with  lated value. Another interesting possibility to investigate
a typical gradient length ofL+=21000um when T,  would be that the “microscopic” speckle structure of the
=120eV. A large asymmetry between the red and blue comsmoothed interaction beam modifies the electron distribution
ponents is only possible when the ion Landau damping igunction drastically, which would invalidate our use of a na-
negligible with respect to the electron Landau damping. Thisve classical Chapman-Enskog schefeey. [17]). For the
is obtained in heliumZ=2) for ZT,/T;=17[21]. Thus we sake of completeness, let us also mention that in our experi-
assumed an ion temperatureTgf=10eV. We verified that, mental conditions, we may expect a non-Maxwellian zero-
as expected, the experimental results could not be repr@rder electron distribution function at intensities higher than
duced for larger ion temperatures. around 16°W/cn? [23]. This effect will change the details
We have adjusted the parameters within a reasonablef the calculation, but should not change the general trend.
range in order to obtain peak intensity ratios comparable to
the experimental ones. In order for the theoretical and experi- V. CONCLUSION
mental spectra to be in reasonable agreement, we had to fit
the electron temperature profile to the upper limit within the
error bars. The computation of the spectra based on our th

To summarize, we have performed time resolved Thom-
son self-scattering measurements at different locations in the

. . A ! lasma along the laser propagation direction. We have ob-
oretical model showésee Fig. % a satisfying agreement with % . . o : .
the experimental spfctra ir? garticulafryfo? thge peak intensit served a systematic and important variation of the intensity

ratios. The agreement of the case shown in Fig) @here Yatio between the blue and the red ion spectral components,

the experimental rati® is overestimated by a factor of 1.6 is depending on whether the location of the probed region is in

less convincing; this discrepancy can be attributed to an in[ront of or behind the focal plane. Comparing the experimen-
creasin error?ﬁ the deterrr?inati)(;n of the plasma aramete%II data with a simple theoretical calculation of Thomson

9 . p ba scattering, we have found that this behavior can be qualita-
when approaching the edge of the gas jet. For this reasop

. tively understood in terms of a deformation of the electron
?;?szﬁtcogjn%d tﬁz 10500n(1) lLar]r}lsgrr:detlv(\)/gg r':”t?]eaorf (;fng"ggreri distribution function induced by the classical heat-flux caus-
Y P Y P ing a non-Maxwellian distribution. However, a good quanti-

ment is not shown here. It can be seen that while the pe tive agreement is still lacking since our theoretical model

intensity ratio is well reproduced, the experimental peakpredicts significant effects only for ion temperatures that are

separatior(i_.e., the elec'gron temperatyris slighftly less than . by a factor of at least two smaller than the values obtained
the theoretical one. This suggests that the simplest classmﬁ,\f(;m hydrocode simulations

model of heat transport does not allow us to find a single set
of parameters yielding at the same time both a satisfactory ACKNOWLEDGMENTS

theoretical peak ratio and the peak separation. The small glo-

bal spectral shift towards longéshortej wavelengths that The authors gratefully acknowledge S. Glenzer for inter-
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